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Introduction
Optical coherence tomography (OCT) is a promising technique for high-resolution in situ cross-sectional imaging of biological tissues. Development of scanning fiber-optic catheters has enabled in vivo endoscopic OCT imaging [1, 2] , and results to date have shown the ability to distinguish tissue architectural layers and to differentiate normal from certain pathologic conditions within the human gastrointestinal tract [3] [4] [5] [6] [7] . In recent years, OCT technology has improved significantly. High speed, Fourier domain detection has enabled in vivo threedimensional imaging [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , and new technology for en face imaging has paved the way for high speed, in vivo cellular imaging using optical coherence microscopy [18] . Endoscopic implementation of 3D OCT and OCM imaging, however, requires improvement in catheter device designs. Current endoscopic OCT catheters consist of a single-mode fiber fused to a focusing lens and a microprism to deflect the beam orthogonally away from the fiber axis [1] . These devices are scanned by proximally rotating or translating the fiber. Proximal catheter actuation, however, has poor precision and repeatability and is limited to relatively slow imaging rates due to the physical inertia, friction and compliance of the device. Furthermore, proximal scanning can generally only be performed in one dimension, enabling the generation of a two-dimensional OCT image. For three-dimensional and en face imaging applications, new, flexible catheter designs which implement high speed, two-axis scanning at the distal tip of the device are required.
Distal scanning for microscopy applications can be performed either by scanning the fiber tip in the back image plane of the objective or by beam steering using micromirror technologies. Fiber scanning has been performed using piezo-electric devices [19] [20] [21] [22] or a balanced tuning fork and lever approach [23] . Micro-electro-mechanical systems (MEMS) mirrors have been demonstrated for beam steering in confocal microscopy [24] [25] [26] [27] [28] and in OCT [29] [30] [31] [32] [33] [34] [35] [36] . Most fiber scanning approaches require resonant scanning in order to generate sufficient deflection for a reasonable field of view. MEMS mirrors, on the other hand, can perform large angle scanning without resonance, which enables arbitrary scan patterns as well as features such as panning or image rotation. MEMS scanners can also be actuated on resonance to provide high speed raster scanning necessary for en face imaging. Furthermore, MEMS devices can operate reliably and with low power consumption, making them suitable for integration into in vivo imaging devices.
In this work, a two-dimensional MEMS scanning endoscope was developed and demonstrated for OCT imaging. The MEMS scanning mirror was capable of both DC and resonant operation and could produce arbitrary beam scan patterns, enabling cross-sectional, en face, and three-dimensional imaging. The integrated endoscope measured approximately 5 mm in diameter and produced a transverse spot size of ~12 μ m over an en face field of view of 1.8 mm x 1.0 mm. Using the miniaturized probe, ultrahigh resolution two and threedimensional OCT imaging with < 5 μ m axial resolution was demonstrated both in vivo and in vitro.
Catheter design and construction
A scanning electron micrograph of the MEMS optical scanner used in the OCT endoscope is shown in Fig. 1(a) . A large 1 mm diameter mirror was driven by angular vertical comb (AVC) actuators, which provided large scan angles for the same comb dimensions compared to standard vertical comb actuators [37] . The comb fingers were self-aligned with a single etching step. The device was realized by combining a foundry surface-micromachining process (MUMPS) with a 3-mask deep-reactive-ion-etching (DRIE) post process. Surface micromachining provides versatile mechanical design and electrical interconnect while bulk micromachining offers flat micromirrors and high-force actuators. The scanner utilized torsion beams and a gimbal-mounting configuration to scan the MEMS mirror in two axes. This design had the advantage of combining the two scan axes to provide a true XY integrated scanner, with a single pivot point. The complete scanner die with the mirror and the actuators measured 3 mm x 3 mm square. Electrical interconnects are shown in Fig. 1(b) . To achieve full scanner performance, application of four separate control signals was required, one for each of two sets of comb actuators on both the X and Y axes. Electrostatic actuators have a capacitive load and therefore draw very small amounts of current for low frequency actuations, generally less than 1 to 10 nA. Fig. 2(a) , light was first collimated to a 1.2 mm diameter beam by a gradedindex (GRIN) fiber collimator fused to a single mode optical fiber. A small achromatic lens (f = 10 mm) focused the light onto the specimen. The MEMS optical scanner was mounted at 45 degrees to the optical axis of the lens and redirected the beam out of the endoscope in a similar side-view fashion as used in the conventional OCT catheter [1] . The scanner performed post-objective scanning, which eliminated the off-axis optical aberrations that would be generated if the beam was scanned on the objective lens. opening (not shown). The use of the glass window reduced aberration generated by the plastic sheaths used in conventional catheters. The inexpensive outer housing was machined from a single piece of aluminum, which minimized the number of steps required for assembly. The custom package design allowed for precise lateral alignment of the optics using tiny set screws. In addition, the scanner was mounted on an inner carrier block which could be adjusted along the catheter axis to account for lenses with different focal lengths or to set the working distance according to the specific application. The working distance of the catheter used for this study measured ~ 2 mm, and the outermost diameter of the device was ~ 5 mm. This is consistent with confocal scanners which have been integrated into the endoscope head [23] but is larger than the typical accessory working channel in a standard endoscope. Further efforts in the future should lead to reduction of device design below the 3 mm threshold necessary for use in the working channel of an endoscope. The non-resonant mechanical scanning angle responses for the four mirror drive controls are presented in Fig. 2(c) . It is important to note that these measurements were made with the mirror mounted in the package, which demonstrates the ability of the scanner to function at its optimal performance within an endoscope. Careful attention had to be devoted to bonding issues in mounting the scanner to ensure that device performance was not compromised. The scanner achieved +/-6 degrees at slightly more than 100 V for both the inner X and outer Y axes. In addition, the optical scanner had excellent frequency response with resonances in the hundreds of Hz for both axes, as shown in Fig 3. Resonant operation of the mirror should enable high-speed raster scanning for en face microscopy.
To illustrate the scanner drive control scheme used for imaging, Fig. 4 presents measurements of the position response for the X mirror axis for two different drive waveforms. The position was recorded by detecting an optical beam reflected from the mirror with a two-dimensional position sensor. The response to a triangle drive waveform applied to only one side of the comb actuators is shown in Fig. 4(a) . The mirror angle responds as the square of the applied voltage, as shown by the plotted response curve. To compensate for the nonlinear response, a modified drive scheme consisting of a square root function with a DC offset was applied. In addition, the mirror was driven on both axes in a differential manner, which effectively doubled the scan range that could be achieved with a single axis. The resulting angle response had greatly improved linearity, as shown in Fig. 4(b) . 
Two and three-dimensional imaging results
The MEMS OCT endoscope was demonstrated with an ultrahigh resolution OCT imaging system. The system diagram is shown in Fig. 5 . The system used a commercially-available femtosecond Nd:glass laser which was spectrally-broadened in a high NA, single mode fiber to a full-width at half-maximum bandwidth of more than 200 nm centered at 1.06 μ m [38] . The light source was coupled into a fiber-optic interferometer and split between a reference and a sample arm. Reference delay scanning was performed at ~ 2000 axial scans per second. The MEMS endoscope was placed in the sample arm with an air gap to match the dispersion with the reference arm air path. The interference signal was recorded by a photodetector, and the electronic signal was amplified, filtered, and demodulated before being sampled by a 12- Imaging results achieved with the catheter endoscope are presented in Fig. 6 . Figures 6(a) and 6(b) present in vivo images acquired in human skin. Image quality compares very well with that obtained with the system using a conventional benchtop microscope [38] . Skin from two different locations is shown. A thinner stratum corneum (sc) can be appreciated in Fig.  6 (a), which is from the dorsal aspect of the hand, compared to Fig. 6(b) , which is from the palmar finger tip. The epidermis and underlying dermis can be seen in both images. Fine structure within the stratum corneum can also be visualized in Fig. 6(b) . Figure 6 (c) demonstrates an in vitro image of lime pulp, used here illustrate the very high axial resolution of the catheter imaging system. Some image stretching at the edges occurs from residual scanner nonlinearity encountered when the rotation angle reverses.
Three-dimensional imaging was performed in vitro of hamster cheek pouch with the MEMS scanning catheter endoscope, and representative results are presented in Fig. 6 (d) thru 6(f). Volumetric imaging allows visualization of serial two-dimensional sections or reconstruction of a two-dimensional image at an arbitrary image plane, as shown in Fig. 6(d) . The volume can also be rendered in three-dimensions to produce a topographical surface representation, illustrated here in Fig. 6(e) . To represent the entire data set in a twodimensional plane, projection techniques can be applied. Figure 6 (f) shows an en face integrated intensity projection. This view removes the depth dimension, giving a composite perspective which weights structures in depth by scattering intensity. Prominent surface features seen in the projection compare well to those in the rendering. The length of time for acquisition of the 3D volume data set was approximately 2 minutes. These times can be significantly reduced using high speed, Fourier domain OCT techniques.
Summary and discussion
A two-axis MEMS scanning catheter with 5 mm outer diameter has been demonstrated for high quality two and three-dimensional ultrahigh resolution OCT imaging. The device produced optical resolution of 12 μ m in the transverse dimension and was combined with an OCT system capable of < 4 μ m axial resolution in tissue. The scanner had excellent DC response characteristics in packaged form, and a differential drive scheme for linearization of the scanner response was demonstrated for enhanced imaging performance. The device design used in this study has several advantages which make it attractive for further development for clinical imaging applications. Post-objective, side-view scanning allows for a simplified optical layout and ease of alignment compared to more complex designs, which require folding of the beam with multiple reflections. Optical aberrations due to pre-objective scanning are eliminated, resulting in improved imaging performance. In addition, the inexpensive aluminum package and standard optical components combined with the ability to fabricate the micromirrors in bulk keeps the overall device cost low. Using such designs, it is foreseeable that MEMS based scanning catheters could be disposable if required by the specific application. Finally, the catheter design described here can be made waterproof for future in vivo imaging applications by sealing the glass window and the scan head and placing a semi-flexible tubing around the proximal optical fiber and electrical connections. This approach will not increase the outer diameter of the device, which is determined by the dimensions of the scan head.
The MEMS scanner itself had excellent performance characteristics for imaging applications. A 1 mm diameter mirror and good angle response allowed imaging with a large number of resolvable spots. The large mirror aperture would allow for even shorter focal length to reduce transverse spot sizes to < 5 μ m. For example, use of a lens with 5 mm focal length can provide a 1/e^2 radius of ~ 3 μ m with a working distance from the optical window of several hundred micrometers. For the imaging results presented in this paper, the MEMS scanner was directly driven off resonance with a square-root waveform to produce a linearized response, and DC mechanical angles of +/-6 degrees were achieved. Response angles of 2-3 times larger will be possible, however, when driving the mirror on resonance. In addition, using bidirectional resonant scanning with scanner responses as shown in Fig. 3 , fast image line rates of over 900 Hz and higher should be possible. The fast raster scanning capability combined with tighter focusing optics may enable en face optical coherence microscopy for cellular resolution imaging.
The capability for in vivo 3D imaging was limited in our study by the relatively slow scan rate of the time-domain OCT system. Future incorporation of these devices with Fourier / spectral domain or swept-source OCT systems will allow much faster 3D imaging [11, 12] . With the advent of very high speed Fourier-domain mode-locked lasers, real-time volumetric imaging at rates of several volumes per second will soon be a reality [17] .
In recent years, several groups have made progress toward the development of reliable MEMS based scanners for endoscopic imaging, and a growing body of literature on the subject exists. The task of implementing MEMS-scanning devices for clinical imaging studies remains challenging, however. High speed and linear scanner responses, compact and waterproof device packaging, and development of depth focusing and tissue stabilization schemes are key areas of consideration for future development efforts. Furthermore, the devices presented to date operate in an open-loop mode and lack the precise control that can be achieved with modern galvanometer scanners. Addressing this concern will require increasingly sophisticated scanner technology. Finally, the requirement for relatively high voltages in vivo demands a greater level of engineering effort to ensure safety for human studies compared to previous catheter designs, which utilized simple mechanical translation or rotation for scanning. Despite these challenges, development of two-dimensional scanning endoscopes is essential to harness rapid advances in imaging speed and resolution that promise to bring three-dimensional and cellular-level OCT imaging to a clinical reality.
